with a little resistance that slows the current flow. The electrical hallmark of a capacitor is charge conservation; charges can be driven onto the capacitor by one process, then off the capacitor by reversing the process. There is no net current flow cross the membrane (the little resistor is not in parallel with the capacitor). For GAT1, the slow component of capacitive currents is closely associated with Na ϩ binding, but we do not know whether the bulk of the charge movement consists of Na ϩ ions entering the membrane dielectric or of dipoles reorienting within the transporter after such binding. In the former, one imagines a Na ϩ ion reaching a binding site via a tortuous channel-like entrance (Gadsby et al., 1993) . Alternatively, one considers a conformational change whose details could run the gamut of possibilities suggested for the conformational changes involved The cartoons depict individual states from the transport cycle in an transporters and therefore a means to measure turnover alternating-access model. The scheme exploits the concept that rates (Wadiche et al., 1995b; Mager et al., 1996 (Lin et al., 1996) ; for the norepitors. In mammalian cells expressing GAT1, there is innephrine transporter, the upper estimate is 10 Ϫ3 (Galli et al., 1996) .
creased current noise from a patch of membrane held channels. Instead, the transporter noise actually increases with frequency, exactly as expected from a "pure" capacitance. The appropriate molecular model we provide a heuristic argument that invokes the domihere is a Na ϩ binding site that presents no major barriers nant general model of ion-coupled transporters, the "alto access from the solutions. The binding site is presumternating access" scheme. In this view, the transporter ably revealed by the conformational changes that occur is like a channel with gates at both ends. The gates when GABA binds. GAT1 capacitance is also measured open sequentially to allow substrates to bind within the by examining the currents that flow in response to high lumen and to produce coupled transport. We hypothefrequency (up to 50 kHz) sinusoidal voltage clamp comsize that the single-channel currents represent violamands (Lu et al., 1996) . The measured capacitance detions of the alternating-access rules: both gates are pends on membrane potential, as though the binding open simultaneously. events occur within the field or outside the field, but
To illustrate the concepts involved, we consider just to sites that change their availability because of other three adjacent states from among the many that premovements that occur within the field. The capacitance sumably comprise a full transport cycle ( Figure 1 (Lin et al., 1996) ; this datum bility is appreciably less than unity for an "open" gate, then the lumen is only partially available for the binding is insufficient to localize the permeation pathway. There are no mutations that change ion selectivity, which is in and/or dissociation of a substrate and transport is slowed. If transport is to continue at an acceptable rate, any case higher than in ion channels (most transporters distinguish well between Na ϩ and Li ϩ ; most Na ϩ chantherefore, an individual gate cannot be shut too tightly. As a result, simultaneous openings, channel-like events, nels do not). There are no mutations that change openchannel blocker kinetics; in fact, no known open-chanmust be tolerated at some finite rate.
Our brief treatment assumes that each binding event nel blockers exist. There are no known mutations that change anomalous mole fraction behavior; no such beprimarily affects only one gate at a time. If we relax that assumption, we could generate models that have havior is known. Cysteine accessibility is now being studied at serotonin transporters, with initial results sugarbitrarily low frequencies of channel opening. Therefore, in our scheme neurotransmitter transporters acgesting that this method will help to suggest residues in the pathway (Chen et al., 1996) . In one attractive complish their function with local and incremental conformational changes, each linked most closely to nearby hypothesis, the transmitter itself becomes part of the anion-selective pathway at glutamate transporters binding events, rather than with global conformational changes that change compartmentalization in a single (Wadiche et al., 1995a) . We expect breakthroughs at any time, though; and because of the sequence similarities step. This view of transporter function thus resembles, but is less drastic than, one in which coupled transport among transporters, such breakthroughs will probably lead to rapid progress in identifying the residues that is completely explained by local interactions between substrates within a lumen (Su et al., 1996) . Summarizing, contact the permeant substrates. How Do Transporters Shape the abundant reports of channel-like behavior in transporters suggest (to us, at least) that transport is accomSynaptic Transmission?
The turnover rates for known neurotransmitter transplished by limited, local, sequential conformational changes around a channel-like lumen. We now need porters are clustered in the range of 1 to 15/s. That is, a single transporter requires at least 60 ms to complete specific theories in order to generate testable models about the factors that control the channel-like events.
its cycle. Yet within a few ms after release at fast chemical synapses, the transmitter is removed from the extraWhat Is the Role of Complex Substrate Stoichiometry? At ligand-gated channels of postsynaptic membranes, cellular space. As a result, receptors begin to deactivate and the synaptic event cannot spill over to neighboring the open state of the channel is much more likely to be associated with the presence of two or more bound synapses (Isaacson et al., 1993) . We understand how the highly efficient enzyme, acetylcholinesterase, with agonist molecules than with a single bound molecule. This nearly absolute requirement for multiple transmitter a turnover rate on the order of 10 4 /s, removes the transmitter at nicotinic synapses. But at all other chemical molecules sharpens the time course and limits the spatial extent of the synaptic event, as well as ensuring a synapses, ion-coupled transporters play this role. How is this possible given the very modest turnover rate of rather low background of spontaneously open channels. At neurotransmitter transporters, however, the organic a neurotransmitter transporter? Several investigators have suggested that efficient removal of the transmitter substrate is transported at a rate of one molecule per cycle. As a result, an individual transmitter molecule in from the synapse arises from the fact that each transporter molecule stands ready to bind a transmitter molethe synaptic cleft has a constant, or even increased, probability of being cleared from the vicinity as the total cule as soon as it is released from a receptor (Cammack et al., 1994; Tong and Jahr, 1994; Wadiche et al., 1995b ; transmitter concentration drops to low levels.
On the other hand, neurotransmitter transporters vary Mager et al., 1996) . The rapid (<1 ms onset, 4.5 ms decay time constant) presynaptic uptake currents at a in their stoichiometric requirements for Na ϩ ions (one at norepinephrine and serotonin transporters, two at a serotonergic leech synapse may actually be measuring such binding events (Bruns et al., 1993) . This mechanism GABA transporter, and three at glutamate transporters; Gu et al., 1996; Zerangue and Kavanaugh, 1996) . In some requires that transporter molecules be locally as numerous as the 10 3 to 10 4 transmitter molecules in a synaptic cases, the free energy available for transport thus exceeds the value if transport were driven by a single Na ϩ ; vesicle; this requirement implies a density on the order of 10 3 /m 2 of membrane. Such densities are common and a larger concentration gradient can be maintained. We wonder whether the binding of two Na ϩ also allows in heterologous expression systems, but the relevant number is unknown at real synapses. the transport to operate more rapidly. Perhaps the energy from binding multiple Na ϩ ions allows the compartThis picture raises several additional points about transporter mechanisms. For effective removal and/or mentalizing gates to undergo more complete open/ closed transitions during crucial steps of the transport buffering, the transporter must bind the transmitter tightly enough to prevent release for tens of milliseccycle (see above).
Where Is the Conducting Pathway?
onds. For a simple binding-dissociation reaction, this somewhat extended lifetime would be synonymous with We do not know the answer to this question, although ion channel research provides paradigms for addressing high affinity binding. Indeed, dose-response relations do show that EC50 for transport, a parameter that is the problem: if a mutation changes single-channel conductance, open-channel blockade, ion selectivity, or related to, but not identical to, the dissociation constant for the transmitter-transporter interaction, is in the range anomalous mole fraction behavior, this residue is likely to reside in or near the permeation pathway. There is 1 to 10 M for most neurotransmitter transporters. Yet at least 100 ms before it can sequester an additional transmitter molecule.
What Have We Learned by Listening?
Neurotransmitter transporters thus have properties not imagined just a few years ago. Do any of these properties explain the puzzle posed at the beginning: a ubiquitously expressed molecule forms the target for a class of drugs that produce highly specific behavioral effects? In the opinion of most investigators this selective therapeutic action arises from processes, such as gene activation and synaptic remodeling, that occur during the two or three weeks of treatment required before fluoexetine and similar drugs produce their behavioral effects. It remains possible that the therapeutic processes depend on cell-specific variations in the physiological properties of neurotransmitter transporters reviewed here, or that changes in these physiological properties account at least partially for the therapeutic effect. We suspect, course driven primarily by the binding of Na ϩ at the
